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PREFACE
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1.0 INTRODUCTION

It has been known for some time that under certain
conditions, particularly when separation is eVident, tran
sonic flow can be extremely sensitive to changes in Reynolds
number or to disturbances in the boundary-layer. As a
consequence of this, ground-test results may deviate signi
ficantly from conditions in actual flight. There is a
profound need, therefore, for a research program aimed at
obtaining a basic understanding of such phenomena. At the
same time there would be better background for the inter
pretation of current ground-test results. The investigation
reported herein is the first phase of a systematic study of
this vital problem.

In order to accomplish the above objectives, experi
mental and theoretical studies have been initiated. The
experimental study is aimed at, providing detailed measure
ments of the viscous layer under various flow conditions.
It can be anticipated that the probing of a very thin
viscous layer developing over the surface of a conventionally
mounted model will not yield satisfactory results due to
the limitation of the model size in an existing transonic
wind tunnel. Furthermore, it is difficult to match the
real flight Reynolds number in the tunnel. Such difficulties
may be overcome if the wind tunnel wall itself is modified
properly so as to act as the testing model. These problems
are addressed more fUlly in the following. A clear cut
leading edge is especially desirable in any boundary-layer
study. The existing UTSI blowdown transonic flow wind
tunnel has been modified for basic research into viscous
flow phenomena.

The tunnel has the capability of generating flows with
a wide range of Reynolds number. The upper bound to the
Reynolds number obtainable is in the same order as that of
flight conditions, while the lower bound roughly corresponds
to that of most existing conventional transonic wind tunnels.
Thus, it is possible by careful research to shed light on
the so-called "scaling" effect.

It is a well accepted technique to employ a forward
facing step model for generating an adverse pressure gradient
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in flow separation studies. In the present work, the influ
ence of an upstream disturbance, created by a rearward facing
step, is a'lso studied. The flow over a rearward facing step
will generate a local separation which corresponds to a
significant flow disturbance. The parameters connected with
flow separation in an adverse pressure gradient are studied
in detail both with and without the upstream disturbance.

For this phase of the experimental study, emphasis was
placed on subsonic free stream flows. The flow field was
probed in detail by a traversing pitot probe. The study is
also assisted by closely placed surface static pressure
measurements and by surface oil flow studies. The experi
mental study is also coupled with a theoretical computation
of the streamlines adjacent to the model surface. The
theoretical computational schemes have been extended by
attempting to consider an airfoil with a wake and the more
difficult task of a flow with separation.

The measurements of various flow conditions and configu
rations show some significant results for the effects af
Mach number, Reynolds number and upstream disturbance. The
boundary layer profiles have also been analyzed in the light
of the wall and wake laws. Knowledge of the variation of
the wake component under various flow conditions is the key
to understanding the role of the Reynolds number and of the
upstream disturbance. Such information, supplemented by
further explanation, may also assist in the understanding
of the relationship between ground simulation and real flight
conditions.

2.0 DISCUSSION OF TRANSONIC FLOW SEPARATION

The remarks in this section will be concerned with the
general background and motivation of the subject under study.
Our understanding of transonic flow separation, as it exists
in its present limited state, is outlined with particular
reference to airfoil flows. Areas where knowledge is limited
or even non-existent are discussed. This leads naturally
into an exposition of the principles and aims of the work
reported herein.

10
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2.1 TRANSONIC FLOW SENSITIVITY

As is well known (Ref. 1), the one-dimensional isen
tropic flow of a fluid (we may think of this as flow within
a streamtube) is governed by the relation:

(2.1)

(2.2)

between the cross-section area A and the Mach number M. It
follows that near M = 1, a very large change in Mach number,
as well as in the pressure, results from a small change in
area. This observation leads to the idea that a transonic
flow will be extremely sensitive to small changes in body
contour. It should be cautioned here that any real flow
will be three-dimensional and viscous, so that the result
embodied in Equations (2.1) and (2.2) would need some modi
fication. The basic concept is still valid. Indeed
Morawetz (Ref. 2) has shown that if the transonic flow past
a given contour is continuous, then the flow past a slightly
distorted contour. will exhibit a discontinuity, or shock
wave. This result, of course, reflects a mathematical ideali
zation of a physical situation,and more recent computational
and experimental studies have es~blished the existence of
shock free supercriticalf~bws.

Anoth~r-eonsequenceof Equation (2.1) is that the
lateral extent of a disturbance is large. Thus, in a
slightly supersonic stream, the characteristics--inclined at
sin- 1 (11M) to the streamline--are almost perpendicular to
the local flow.

An immediate implication of the non-existence of a
neighboring solution is that the small distortion to the
streamlines of the flow due to the development of the
boundary layer could significantly change the nature of the

11
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flow. In particular, it could be expected that a contour
whose potential- flow is shock-free may, when tested in a
real airstream, exhibit a shock wave. Two major criticisms
have been leveled against such an inference. One of them is
that the results of Morawetz were derived from the inviscid
flow equations with the additional assumption that the flow
is steady. It can be expected that the real flow, exhibiting
viscosity, will be somewhat less influenced by small con
tour changes. Some experimental evidence can be presented
on this point. Figure (1) shows the experimental data from
Ref. (3) as compared with the exact theory for quasi-elliptic
airfoils. The flow in this example is transonic but shock
free. It is seen that the agreement between theory and
experiment is of the same order as that shown in Fig. (2)
for an entirely subsonic flow. Both airfoils were tested
at nominally the same Reynolds number and boundary layer
conditions.

The data shown in Fig. (1) are for a flow that is
unseparated and shock free; though transonic. Under such
conditions, the transonic flow is no more influenced by
viscous effects than is a subsonic flow. Thus, the onset
of transonic conditions by itself does not necessarily
imply a large sensitivity of the flow to small changes in
either upstream or boundary conditions.

It is also well known (Refs. 4 and 5) that a transonic
flow is non-steady, in-contradiction to the Morawetz hypo
thesis. Thus, even when the basic characteristics of a
flow (say, shock position) appear steady, the local flow
velocity field is not. An essentially small amplitude, wave
like motion is superimposed upon the flow; but it is not
the intent of the present work to discuss this phenomenon.
Only in situations where flow separation takes place does
the flow exhibit marked sensitivity to small changes in
conditions. The separation may be either shock induced, or
a rear separation, or a combination of the two. The most
familar example of the type of sensitivity encountered is
that present on the C-14l wing (Ref. 6). Briefly, in this
type of situation, a change in the free stream Reynolds number
causes changes in the development of the boundary layer;
which in turn greatly affects the geometry of the separation.
Recent tests performed in the AEDC 4 ft. Transonic Wind
Tunnel on the C-14l airfoil section, mounted between end
plates, clearly illustrates the problem. The pattern of

12
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flow separation and shock wave movement over the airfoil
with increasing free stream Mach number at fixed incidence
are shown in Fig. 3. References (6 and 7) discuss the flow
in greater detail. These large changes in flow geometry-
due to the non-linear nature of the transonic flow and of
the interaction with the viscous flow--are not the initial
concern of the present work. First of all, attention must
be restricted to obtaining an understanding of the basic
phenomena associated with separation in a transonic flow .

.To this end, a series of basic experimental studies are
undertaken.

Once the separation process is better understood, this
knowledge can be used to predict the behavior of the entire
flow. The planned procedure is to generate an understanding
.of the physical properties of flow separation through care
ful basic experiments and then to utilize such experimental
information to guide theoretical developments.

2.2 SOME REMARKS ON THE BOUNDARY LAYER INFLUENCE

For a given airfoil in a transonic flow, the interaction
between the shock and the flow near the surface is dependent
upon the Reynolds number. Not only is the flow, locally
under the shock, influenced by changes in Reynolds number but
also the subsequent boundary layer development over the re
mainder of the airfoil can be significantly altered. Again,
if the flow is caused to separate near the trailing-edge,
then the entire flow field may change drastically--even
ahead of the shock. Thus, as shown in Fig. (3), it is pos
sible for the shock position to move forward as the free
stream Mach number increases. In broad terms, this results
in a reduction in lift; which is equivalent to a decrease
of incidence or free stream Mach number.

At low values of Reynolds number, the boundary layer
may well be laminar at the point where the shock'wave im
pinges. As is well known, such an interaction is completely
different from that associated with a turbulent boundary
layer (Refs.·S and 9). Increases of Reynolds number from
this condition will produce flows wherein transition takes
place in the immediate vicinity of the shock interaction.
The Reynolds number (based on body .length) at which this
situation occurs depends very much on the surface pressure
distribution over the body. Thus, if the pressure decreases

13
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slowly over a large part of the chord (and maybe as far as
the shock location), then a much larger chord Reynolds num
ber would be demanded before transition moves sufficiently
ahead of the shock interaction for this to be characteristic
of a turbulent flow.

In an effort to reduce the disparity between a wind
tunnel test conducted at low Reynolds number and results
anticipated in high Reynolds number flight, it is customary
to force transition at some point near the front of the
body. Such a procedure introduces difficulties. In the
first place, there is no reason to suppose that the proper
ties of the boundary layer, when artifically tripped, will
resemble those of a boundary layer undergoing natural
transition. If the boundary layer does not encounter any
undue disturbance for a considerable distance (in terms of
boundary layer thickness), then its subsequent behavior
will be little different from the natural flow. It is
readily observed, however, that by adjusting the location
of the tripping device, the flow field can be changed
within wide limits. Figure (4) shows the effect of tran
sition position on the location of the shock wave for the
C-14l wing (Ref. 6). The same effect is indicated in the
variation of trailing-edge pressure; which is a useful
indicator of flow separation (Ref. 10). The suggestion of
Blackwell (Ref. 11) that the transition strip be located

·at that position which reproduces the experimental value of
trailing-edge pressure, may not be feasible. In the first
place, during exploratory testing~ the high Reynolds number
data will not be available. Secondly, as pointed out above,
a tripped boundary layer does not give anything more than
a superficial representation of a higher Reynolds number
flow.

By moving the transition ahead of the shock interaction,
the trip has somewhat the same consequences as, an increase
in the Reynolds number. The effect on the integral thick
nesses of the boundary layer will not, however, be in the
desired sense. The precise way in which the shock· boundary
layer interaction and the subsequent downstream flow are
influenced by the upstream boundary layer properties is not
fully understood; nor is there much understanding of the
way in which the development of the flow downstream of the
shock is related to the entire flow field. The last point

14
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has some significance in an airfoil flow. The way in which
the boundary layer develops downstream of the shock wave
determines, to a large extent, the lift and drag on the air
foil. During the interaction process, the boundary layer
may well be forced into a separated state--this is almost
certain if the Mach number upstream of the shock is greater
than 1.2 (see Ref. 12). Once this separation has taken
place, two possibilities exist: either the flow remains
separated with attendant large drag increase and lift de
crease or reattachment occurs. If the latter condition
holds, there are again two possibilities. The flow will
either continue unsepar~ted to the trailing edge or will
suffer a second separation due to the pressure rise over
the rear of the airfoil. In the first case, the lift and
drag will be almost unaffected by the shock interaction,
but on further increase of free-stream Mach number (or
incidence) the separated region under the shock will be
enlarged and ultimately cover the entire length to the
trailing edge. In the situation where the flow suffers a
second separation, the entire airfoil flow becomes very
sensitive to small changes in free stream conditions (Refs.
6 and 7). The implication is that there exists an urgent
need to undertake a basic study of separation in a transonic
flow: the object of the present work.

2.3 THE SELECTION OF A WIND TUNNEL MODEL

In the preceding discussion of flow separation on an
airfoil, it was indicated that the boundary layer flow was
strongly influenced by the pressure field under which it
develops. The pressure field is modified by the presence of
the boundary layer. This latter effect is of great signi
ficance in determining the overall airfoil flow, but is not
an essential feature of the boundary layer development and
possible separation.

In order to progress towards an understanding of the
entire airfoil flow with separation, it is necessary to first
develop knowledge concerning the separation process. This
can best be done if the separation is studied alone--with
as little influence from other factors as possible. This
type of approach has already been used in fundamental studies
of shock induced boundary layer separation in supersonic
flow (Ref. 13).
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The obvious first step is to remove the gradients (as
far as possible) from the external pressure field. Hence,
we are led to a study of the transonic flow over backward
and forward facing steps, as a means of studying in great
detail the separation and reattachment processes. In parti
cular, there is substantial interest in the influence of
Reynolds number on the separation mechanism. The objectives
are very much different from those of Ref. (14), where only
the drag,in transonic flow of various cut-out configurations,
was studied.

Backward and forward facing step studies are vital for
obtaining information concerning the basic nature of the
separation and reattachment mechanism. However, as was
pointed out above, the extreme sensitivity of an airfoil flow
to small changes in boundary layer conditions is characterized
by the presence of both a shock induced separation and a
rear separation. In order to study this situation and the
flow Reynolds number effect, it is necessary to investigate
the re-separation of a boundary layer that is influenced by
a previous separation and reattachment. In the context of
the present experimental set-up, this suggests studying the
flow inside a long cavity. In this way, the reattached shear
layer from the flow over a back step is forced to suffer
separation induced by the forward facing step. By changing
the length of the cavity, the boundary layer growth--simula
ting the distance on the airfoil between the shock location
and the trailing edge--can be varied within wide limits.
The sensitivity of the boundary layer to re-separation, which
must be a function of the flow conditions, can then be studied.

3.0 TEST PROCEDURES AND TECHNIQUES

Recently, most difficulties related to transonic flow
testing have centered around the accurate representation of
the flow pattern as it occurs in flight. In response to this
need, two approaches can be taken in transonic flow testing.
One is to simulate the required high Reynolds number flow
directly in wind tunnels by increasing the total pressure
according to the concept of a Ludwig tube or by reducing the
temperature as in a cryogenic tunnel. The other method is
to develop testing techniques that enable us to extrapolate
the aerodynamic characteristics into regions far beyond those
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existing in the current wind tunnels. The truly high Rey
nolds number tunnels of any significant size are not yet
available. In the currently available transonic wind tunnels,
only limited size models can be tested which reduce the
Reynolds number. In order to simulate the high Reynolds
number boundary layer flow, an artificial trip mechanism is
necessary which may lead to erroneous results. An additional
unknown factor is how to adjust the tunnel wall open area
ratio to obtain results with minimum wall interference.

In order to avoid some of the difficulties mentioned
above, the existing blowdown wind tunnel at UTSI has been
modified with two major objectives. One is to utilize a
specially designed wind tunnel wall as the testing model for
achieving high Reynolds number flows. The other is to em
ploy a sufficiently long model such that a detailed probing
of the boundary layer can be accomplished. Especially the
response of the high Reynolds number boundary layer flow to
changes in the external pressure field can be studied in
detail.

3.1 UTSI TRANSONIC TUNNEL

In general, most wind tunnels have been designed to have
a 'uniform flow in the center core of the test section. It
is this portion of the flow that is utilized for the purpose
of testing with the model hung in the middle of this uniform
flow section. The measurements are made either on the model
or in the nearby flow field. Such a design philosophy is
based on the principle of versatile usage of the tunnel. As
a consequence, the model may have a wide variety of shapes
but be limited in size. The size limitation is extremely
important in transonic flow experiments. Because of the na
ture. of transonic flow (Ref. 17), the projected area of the
model is usually below 1% of the tunnel cross-sectional area
in order to realize small wall interference. In other words,
it is excellent to use the conventional wind tunnel for an
"inviscid flow" type study, i. e., for the overall flow pattern
and its induced flow field around the model. However, it is
extremely poor for the viscous flow investigation because of
the significant scaling effect due to a very small model size
compared to the pro~ype size. The simulation of the flow
pattern thus may be erroneous if flow separation is present.
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The UTSI circular cross sectional blowdown tunnel (Ref.
18) has been converted into a tunnel with rectangular cross
section. Instead of utilizing the center 00re flow, the
wall of the tunnel has been designed as a long flat-plate
model. By utilizing both short and extremely long distances
from the leading edge of the model and coupling this with
the stilling chamber pressure variation, a wide range of
Reynolds number flows can be established. Thus, the scaling
effect associated with the viscous flow can be studied.

Emphasis during the modification has also been placed
upon the required versatility in changing the model and the
tunnel components to meet future possible testing require
ments. The tunnel concept may be described as multi-component
type construction (or, building block construction). The
tunnel throat section, the test section, the floor, the wall,
the boundary layer bleeding devices, etc. are all freely
replaceable or interchangeable while not altering the overall
flow conditions. This interchangeability gives. the tunnel
considerable versatility. The modified tunnel has some
unique features, and is specifically designed for the tran
sonic viscous flow investigations.

The sectional view of the tunnel is illustrated in Fig.
5. The nominal test section dimensions are 12 inches in
width, 11 inches in height, and the length of the entire
section is 144 inches. A boundary layer suction device is
mounted in front of the 'leading edge, not only to suck away
the developed boundary layer from the tunnel throat section,
but also to establish a clean and well defined boundary-layer
flow along the model. For subsonic testing, the leading
edge is somewhat rounded but can be interchanged with a
sharp edged configuration for supersonic flow testing.

The model (tunnel floor) is constructed of various
sectional pieces as shown in Figs. 5 and 6. All these pieces
can be moved or modified independently to allow tailoring
for the special needs of any particular experiment. The
model has enough space underneath for placing various sensing
instruments. Each model component is attached to the two
horizontally laid beams for support as shown in Fig. 5. Two
side wall boundary layer suction devices are moveable along
the flow direction. These two devices are used to ensure
the two-dimensionality of the flow by sucking away the
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excessive side wall boundary layers. On top of the test
section there is a plenum chamber separated from the test
from section by a porous paneL Panels of different poro
sity can be installed at different locations along the
tunnel to minimize the wall interference. At the end of
the test section, a moveable choke is installed in the
diffuser section (Fig. 5) for adjusting the flow Mach number
in the test section. The air flow is exhausted into the
atmosphere through a vertical exhaust pipe as shown in Fig.
5. The detailed construction can be better visualized
through a pictorial view of the test section as illustrated
in Fig. 6.

The operational Reynolds number range of the UTSI wind
tunnel is designed to be as follows:

5 x 10e < Relft < 3 x 107

4 x 10e < ReL < 2 x 108

(Re
L

based on length from the leading edge)

The corresponding free stream Mach number range is

0.60 < M < L 50

The temperature change of the wind tunnel wall during
the test period ie expected to be within 10oe. The wind
tunnel wall is thus planned to be approximately adiabatic
through the entire testing time.

Inside the diffuser, a center body is used as a choking
device. The axial movement from zero inches to 16.4 inches
is possible, which corresponds to a mimimum choking cross
sectional area of 62 square inches to a maximum opening of
123 square inches. This diffuser area adjustment is neces
sary to obtain the required subsonic Mach number in the test
section.

The mass flow rate in the wind tunnel is a function of
the Mach number, the maximum value being about 190 Ib/sec.
The nominal running time of the tunnel is in the range of 10
to 60 seconds. The operational envelope of the tunnel, the
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wind tunnel flow quality and the UTSI air supply system are
explained in Appendix A of this report.

3.2 TEST MODELS AND INSTRUMENTATION

Through special design, as discussed in the previous
sections, the floor of the wind tunnel test section is used
as the test model (Fig. 7a). It has a total length of 144
inches and is 12 inches wide from the leading edge to 74
inches downstream and then narrows to 10.5 inches for the
remainder of the test section. There are three adjustable
boundary layer suction devices, one of them is beneath the
leading edge and the other two are located at the beginning
of both sides of the narrowed floor. These suction devices
are for the purpose of ensuring a natural boundary layer
starting from the leading edge and also to help generate a
two-dimensional flow along the model. The whole floor is
composed of seven pieces of steel block which are 7, 10, 12,
18, 27, 39 and 40 inches long respectively. All the blocks,
except the 7 inch piece which forms the leading edge, can
be arranged in any sequence and moved up or down by as much
as 3.75 inches as desired. The floor can be used as either
a flat plate model, a forward facing step model or a rearward
facing step model of different heights located at different
stations. It can also be arranged as "cavity like" models
of different lengths and depths at various locations.

During this phase of the experiment, a one inch high
forward facing step model (Fig. 7b), located at 74 inches
downstream from the leading edge, is tested to show the
Reynolds number and Mach number effects on flow separation.
Two "cavity like" models (Figs. 7c and d) which have a
cavity 1 inch deep and 40 inches and 27.5 inches ~ong

respectively were tested. Both have a forward facing step
located at 74 inches from the leading edge. These cavities
are tested to study the effect of different upstream distur
bances. The flat plate model is also tested under the same
flow condition as a reference.

Surface pressure taps are distributed longitudinally,
2 inches to the right of the center line of the model surface.
A total of 79 pressure taps are used to acquire data every
0.25 inches in a region 10 inches ahead of rht forward facing
step, every 0.5 inches in the region 34 to 44 inches and
every 1.0 inch from 44 to 64 from the leading edge.
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In order to measure the total pressure variation across
the boundary layer by a traversing pitot probe at any desired
station on the model, two floor blocks are slotted along
their center lines and filled with small blocks of different
lengths as shown in Fig. 8. The traversing pitot probe is
screw mounted such that it can slide freely along this slot.

A variable speed vertical traversing pitot probe is
used to measure the total pressure variation across the
boundary layer. The traversing mechanism is composed of a
travel unislide assembly and a speed control (Figs. 9a and
b), with an approximate motor speed range of 1 ~ 500 rpm
which converts to a linear probe velocity of 0.0007 ~ 0.45
in./sec. and a maximum traversing distance of 3.5 inches is
permitted. The pressure transducer is mounted close to the
travel mechanism but below the floor and is connected to the
pitot tube by a 0.0655 inch inside diameter flexible tube.
The probe tip is circular in shape and is interchangeable
between three different tip outside diameters of 0.04, 0.011
and 0.023 inch, respectively, which have been used for the
measurements. The boundary layer velocity profiles measured
by two different tips are found to be in good agreement
(Fig. 10).

The minimum traversing time required, based on time
lag considerations, is estimated by Kinslow's formula
(Ref. 19) which can be written as,

l' = Km
2P

t
tn

(Pt + Pm) (Pt - Pi)

(Pt - Pm) (Pt + Pi)
(3.1)

161Tl-lt
Km = 1 {V + (c2 + 3c + 3)V + 3 (c + 1)2 V } (3.2)

3A2 (c + 1) 12m
1

where,
Pm = Pressure at the measuring device

Pt = True pressure
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Pi = Initial pressure in pitot

A , A = Internal cross sectional area of first
1 2 and second tube respectively

d
1 '

d = Inside diameter of first and second tube
2 respectively

V
1 '

V and Vm = Internal volume of first tube, second tube
2 and measuring device respectively.

c

The lag times for four different cases, i.e., two dif
ferent probe tips each referred to two different total
pressures, have been calculated. The corresponding lag times
are shown in Fig. 11. The maximum lag time for these cases
is 1.16 seconds,. which means that the traversing time for
each run of the pitot tip across the boundary layer should
exceed this value. In the present experiments, the average
traversing time is about 9.2 seconds with a minimum tip
opening of 0.0081 inches. For most of the tests, in this
study, a 0.0165 inch inside diameter tube is employed and,
therefore, the data is lag free. The calibration values for
the lag-time are shown in Fig. 12.
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4.0 DISCUSSION OF RESULTS

The main features of the experimental results obtained
are summarized herein. These results lead us to important
observations based upon the data analysis. A discussion of
these observations will be presented in section 4.4.

4.1 TOTAL PRESSURE AND VELOCITY PROFILES

The shear layer velocity profiles obtained from the
measured local total pressure distribution across the viscous
layer and the corresponding surface static pressure, at
different stations on different models are shown in Figs. 13
to 16. The variations of the velocity profiles along the
different models are exhibited in Figs. 17-20. The static
pressure gradient across the shear layer is assumed to be
negligible for this investigation. This assumption is
probably quite accurate in the flat plate and the rearward
facing step cases, as indicated by the tunnel side wall
static pressure measurements (Fig. 21). However, it may not
be true in the forward facing step configuration (Ref. 23).

The main features of the flow, as observed from a study
of these figures, are summarized as follows:

(1) Even with a 40 inch long cavity (Figs. 15 and 19), the
disturbed velocity profile cannot fully recover to the up
stream disturbance free case. This is shown from a compari
son with the corresponding profile on the flat plate model
(Figs. 13 and 17).

(2) The pressure distribution on the forward facing step
model (Figs. 24a and b) shows that the upstream effect due
to the step can reach further than 23 step heights upstream
from the root of the step for a flow condition of Mi = 0.6
and ReL = 32.5 x 106 • Since the static pressure variation
further upstream has not been measured during this study, it
is difficult to ascertain the exact distance of the upstream
influence caused by the forward facing step.

(3) The velocity profiles ahead of the forward facing step
at the same station for different Mach numbers and Reynolds
numbers have also been compared. The result is shown in
Figs. 23a and b. At station 61, the velocity profile at a
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Mach number of 0.9 and Reynolds number of 72 x 106 appears
to be fuller than that for a Mach number of 0.6 and a
Reynolds number of 32 x 10 6 • At station 69, the normalized
velocity profile at higher Mach number and Reynolds number
becomes even fuller. The comparison of various velocity
profiles for different model configurations at the locations
corresponding to the same reference station are given in
Fig. 22e. The reference station is the station where the
surface pressure begins to rise due to the forward facing
step. The values measured at this station have been used
as the equivalent free stream conditions with respect to the
corresponding models. These reference stations are not at
the same location for the different model configurations.
In Figs. 22a, b, c, and d, the velocity profiles are shown
compared at the same ·measuring stations. These comparisons
show the upstream disturbance effect rather well.

(4) The shear layer development is plotted in Figs. 17 to
20 for the flat plate, the forward facing step, the 40 inch
long cavity and the 27.5 inch cavity models, respectively.
The deformation of the shear layer can be examined in these
figures. The distortion of the velocity profiles at the
different stations is significantly large (Figs. 19 and 20);
however, for the different cavity models they are similar at
the corresponding stations. The velocity profiles without
an upstream disturbance (see Fig. 18), however, are very much
different from those of the cavity models. The profiles for
the forward facing step model are much closer to the flat
plate case. The effect of model geometry on the displacement
thickness is significant and will be discussed in subsection
4.4.3.

4.2 WALL STATIC PRESSURE DISTRIBUTIONS

The wall static pressure distributions for two different
cavity length configurations and for the forward facing step
are shown in Figs. 24 and 25 for various Mach numbers and
Reynolds numbers. In these figures, the distance x, norma
lized by the step height (h), is measured along the model
surface from the leading edge of the model. The wall static
pressure is normalized by the total pressure (Pt) measured
at the station 26.7 inches downstream from the leading edge.
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For the cavity flow, the static pressure falls rapidly
to the base pressure at the rearward facing step. The lowest
pressure was recorded at a point approximately two step
heights downstream of the step for Me = 0.6 and ReL = 32.5 x 106 •

In all the test conditions reported herein, the reattachment
zone, i.e., the region where the pressure increases from the
base pressure to the plateau pressure value (see Fig. 24c
and d), is about five step heights. It can also be seen from
Fig. 24c, which shows results for a one inch deep, forty
inches long cavity, that the pressure at the end of the
reattaching process exhibits an overshoot before falling back
to an approximately constant value. For the 27.5 inch long
cavity, this overshoot is not so noticeable (Fig. 24d). The
distance to the reattachment point was determined from sur
face oil flow studies. The results will be discussed in
section 4.3.

In the region ahead of the forward facing step, the sur
face pressure distribution shows a rapid rise in pressure
before the separation. The maximum value of the pressure is
located at a distance of approximately one step height up
stream of the step. For a given Mach number and Reynolds
number, the peak pressure location ahead of the step is not
influenced by an upstream disturbance such as the back step
of the cavity (Fig. 25). For Me = 0.91 and ReL = 72.5 x 106 ,

the peak pressure location is also unchanged as seen in
Fig. 26.

The difference in pressure between the maximum value
ahead of the forward facing step and the minimum value down
stream of the back step is dependent upon cavity length. Thus
for the long cavity, this pressure difference is 1.45 psi
while it is only 1.25 psi for the short cavity. In both cases,
however, the value of the nearly constant pressure over the mid
section of the cavity is approximately the mean value of the
corresponding maximum and minimum pressures. In other words,
the magnitude of the peessure drop over the back step is
approximately equal to the pressure rise induced by a forward
facing step of the same height. However, this pressure rise
is lower than that induced by the forward facing step along
(see Fig. 25).
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4.3 STUDIES USING SURFACE OIL FLOW

The surface oil flow photograph for the flow near the
forward facing step in the 27.5 inch cavity at Me = 0.58
and ReL = 32.5 x 106 is shown in Fig. 28 Based on this
figure and some other records of surface oil flow, several
observations can be made as follows~

(1) It is seen that the three-dimensional effects at the
corner of the step and the tunnel wall make the flow pattern
quite complicated (Figs. 27 and 28). However, the span
wise influence of this effect is not sufficient to destroy
the two-dimensional nature of the flow over the major part
of the span.

(2) These secondary flows are confined within a region less
than two step heights from the side walls.

(3) There is a vortex in the flow ahead of the step with
its center about 1.8 inches upstream of the step and 0.25
inches from the side wall.

(4) The oil flow on top of the step indicates a reattachment
line at about 2.4 inches downstream of the step. There is
also an accumulation of oil right at the step corner. This
would result from the reversed flow in the separation bubble
on the top of the step forcing the oil to the foremost por
tion of the vortex.

(5) The separation line on the floor ahead of the step is
clearly seen and is about 1.1 step heights ahead of the step
when Me = 0.6 and ReL = 32.5 x 106

• This distance is little
affected by the presence of an upstream disturbance. Results
are not available at higher Mach numbers.

(6) The reattachment region behind the back step is roughly
defined by the oil flow. Two points are clear~ the reattach
ment flow is quite three-dimensional; and for the 27.5 inch
cavity the distance to reattachment is slightly shorter than
that for the 40 inch cavity. This is for a free stream Mach
number of 0.6 and a Reynolds number of 32.5 x 106

•

(7) Within the recirculating region behind the back step
there is an oil line about one inch from the step which
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indicates a separation of the reversed flow and the pre
sence of an inner vortex.

4.4 ANALYSIS OF THE EXPERIMENTAL RESULTS

From the measurements presented above, it is possible
to derive some observations of interest. In this dis
cussion, all the data has been .suitably normalized so that
proper comparisons are possible.

4.4.1 The Effect of Mach Number and Reynolds Number

The Mach number, indicating as it does the extent of
the compressibility of the gas, has a large influence on
the flow pattern. As shown in Fig. 26, an increase in Mach
number cauSes a larger pressure rise ahead of the forward
facing step. The reference pressure, Pi, for this plot is
the pressure just ahead of the point where the pressure
begins to increase ahead of the step. For the forward
facing step alone, this is the free stream pressure, Pro.
In the case of the cavity flow, Pi is the pressure approxi
mately midway along the cavity. As indicated above, the
pressure rise induced by the step alone is larger than that
for the forward facing step component of the cavity (Fig.
25). This result is not too surprising when it is realized
that for the step alone, the approaching boundary layer has
larger energy than that corresponding to the cavity flow.

In the highly turbulent region of the boundary layer,
the pressure force is mainly balanced by the fluid inertia
force (Ref. 24). At the station far upstream from the
forward facing step, say station 61 which is at a distance
of 23 step heights ahead of the forward facing step, the
normalized velocity profile for the higher inertia .(i.e.,
higher Mach number and Reynolds number) flow is slightly
fuller than that of the lower inertia flow (Fig. 23). As
the flow nears the step, the adverse pressure gradient of
the higher inertia flow increases faster than that of the
lower inertia 1low (Fig. 26). It is known that in the
outer viscous layer two forces dominate, i.e. the inertia
force related to the local·velocity and the prevailing
pressure force. As the higher energy flow approaches the
step, it is better able to resist the increased adverse
pressure gradient. This may be seen from Figs. 23 a and b,
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which show the normalized higher energy downstream velocity
(station 69) becoming fuller. The upstream site (~tation

61) shows a smaller effect. This discussion is based upon
only two completed measurements of the high inertia flow.
Further tests may be necessary to confirm this. The Mach
number and Reynolds number effects will also be studied
separately.

For Mach numbers not too close to unity, the upstream
effect of a disturbance in the flow--such as a forward
facing step--can be damped within the same order of length
scale. This can be seen on the normalized surface pressure
plot of Fig. 26. However, the flow at a Mach number of 0.91,
which has a much higher pressure peak than that for the 0.60
flow, shows a larger upstream influence. It can be expec
ted (Refs. 25 and 26) that closer to sonic conditions, this
interaction distance will increase markedly.

4.4.2 The Effect of an Upstream Disturbance on Separation

The influence of the upstream disturbance can be studied
by comparing the flow in the cavity with that over an iso
lated forward facing step. Then, the back step of the cavity
produces a disturbance ahead of the forward facing step
similar to that associated with a shock boundary layer inter
action.

The oil flow studies indicate that there is very little
difference between the separation points for the isolated
forward facing step and for the flow in the cavity. There
are, however, differences in the distance to reattachment
for the flow over the back step of various length cavities.
Thus, for the 40 inch cavity, the reattachment distance is
5.9 inches while for the 27.5 inch cavity, this reduces to
5.2 inches. These results are for the same free stream
conditions of Me = 0.56 and ReL = 32.5 x 106

• Such differen
ces in distance to reattachment are attributable to different
boundary layer thicknesses associated with the flow approach
ing the top of the step.

As far as the surface pressures are concerned, the most
pronounced effect of changes in the upstream influence is
exhibited in the magnitude of the peak pressure just ah~ad

of the step. The comparison between the surface pressure
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distributions for the forward facing step and the two cavi
ties are shown in Fig. 25 For the shorter of the two
cavities, this reduction in peak pressure is approximately
30% of the value associated with the forward facing step
alone.

These differences in peak pressure can be expected
since the flow that has negotiated the back step will suffer
an increase in energy deficit thickness. As the flow re
develops along the floor of the cavity, the energy thickness
will tend to recover to the flat plate value. This is re
flected in an increase of peak pressure with cavity length.

Parallel to this energy deficit will be variations in
the skin friction coefficient (see Fig. 30). The skin fric
tion is, of course, directly related to the boundary layer
velocity profile (as is the energy thickness). It is of
interest, therefore, to compare the velocity profiles in the
cavity with those ahead of the forward facing step. These
profiles are shown on Figs. 18 to 20. In addition, Fig. 22
compares velocity profiles for the same distance ahead of
the step for all three configurations. The distortion of
the prof~le that results from the back step is then evident.

The peak pressure is located at about one step height
ahead of the step for all the Mach numbers tested. At the
same time, the oil flow studies indicated that separation
occurred at about 1.1 step heights ahead of the step. It
appears, therefore, that the peak pressure point is located
just downstream of the separation point.

4.4.3 The Boundary Layer Wake Component

Utilizing the well known decomposition of the boundary
layer velocity profile in terms of the wall and wake compo
nents (Ref. 27), we state

u

U
"t'

1= ,tn
K

u y
( -L ) + B +.1L ro(.L )

K 6
(4.1)

where K = 0.41 and B = 5.0 are empirical constants. u~ de
notes the friction velocity. ro(Y/5) is the wake component of
the velocity profile whose form is again determined empirically.
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This equation for the velocity profile in the boundary
layer is generated on the assumption that the fluid proper
ties are constant. To make some allowance for compressi
bility effects, the van Driest generalized velocity u* (see
Ref. 27) can be substituted for u in the above equation.

Now

where

ue
u* =a -1 ( u)Sin a u

e
(4.2)

r('Y-l) M~

1
and r = (0.72)3 is the recovery factor. ue and Me denote
local conditions at the external edge of the boundary layer.

If it is assumed that the wake component can be ex
pressed by a simple form (Ref. 28), then:

ID(Y/5) = 1 - cos (...!.L. )
5

(4.3)

utilizing the expression for displacement (Ref. 26), there
results:

- Kc - tn K (4.4)

which can be solved for the friction velocity. Then the
skin friction coefficient follows from

U 2

-L
u

e

30

(4.5)



AE DC·TR-75·95

The data is then analyzed as follows (see Fig 29).
First, for the same Mach number and Reynolds number, the
skin friction for different configurations can be seen on
Fig. 30. Then on Fig. 29 is shown the influence of Mach
number on the forward facing step configuration. Examination
of these figures shows that at the same station for a given
configuration, the wake component is reduced as the Mach
number and Reynolds number increase. In the center of the
cavity, the wake component is little changed with distance
along the cavity; but for the forward facing step alone,
there is a strong increase in wake component as the step is
approached (Fig. 29). It is also seen that the effect of
the upstream disturbance--at a given distance ahead of the
step--is to thicken the boundary layer (Fig. 31) and to
strengthen the wake component (Fig. 29b). Thus, the effect
of the upstream disturbance is to cause a stronger mixing
process in the wake region of the boundary layer along the
cavity floor. At the same time, the skin friction is reduced
(Fig. 30). The skin friction decreases rapidly towards the
separation point.

The above analysis of the skin friction is based on the
theory given in this subsection. The conclusions reached,
therefore, must be considered in this light. There is
clearly an advantage to be gained in having an independent
measurement of the local skin friction.

5.0 THEORETICAL PRINCIPLES AND NUMERICAL COMPUTATIONS
\

Parallel to the experimental work that has been described
in the preceding sections, considerable effort has been ex
pended on the development of supplemental theoretical tech
niques. It is considered that a parallel effort in both
theoretical and experimental areas would be most beneficial
for the entire program.

The ultimate aim of the theoretical work is to be able,
via a matching between viscous and potential flows, to pre~

dict a transonic airfoil flow with shock waves and separation.
In this section, various components aimed at achieving this
objectives are described and discussed.
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5.1 BASIC PRINCIPLES

It is assumed that the flow under discussion can be
described by the Navier-Stokes equations for a compressible
fluid. At the present time there is no effort being made to
solve these full equations for a transonic flow, but as a
long term effort, however, such a study should be made o For
the present, attention has been restricted to consideration
of the classical decomposition of the flow into viscous and
potential motions matched together at the edge of the boun
dary layer.

A formal application of the singular perturbation
theory to the Navier-Stokes equations will yield, to first
order, an outer problem identical with the classical poten
tial flow and an inner problem which can be identified with
Prandtlts boundary layer equations. These two sets of
equations are well known and need not be restated here. In
the application of this theoretical development to a prac
tical problem, certain difficulties become apparent. There
are several reasons for this. First, the form of the solu
tion is assumed to be such that the flow quantities could
be expressed as asymptotic sequences with some power of
the Reynolds number acting as the gauge functions. The sub
sequent theoretical treatment is then based upon the asymp
totic limit of large Reynolds number., Because of this
formulation, the inner solution space becomes of width pro
portional to a power of Reynolds numbero

In many situations, it is possible to calculate (at
least to some approximation) the inner and outer flows sepa
rately. Some iteration between these first order solutions
is then possible (Refs. 30, 31, and 32) to yield results
somewhat in agreement with experimental data. Such an ite
ration is in no way equivalent to determining higher order
terms in the asymptotic sequence.

Boundary layer theory, as such, loses validity when the
viscous region ceases to be of the thickness specified by
the theory (1/ ~ for laminar incompressible flow). This
situation pertains during flow separation where the viscous
region grows very rapidly in thickness. An additional diffi
culty is also present; the simplifications associated with
the inner solution approximations are such that the elliptic
nature of the Navier-Stokes equations has been replaced by
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the parabolicity of the boundary layer equations. Thus,
any upstream influence present in a separation region is
denied by the governing equation. In general terms J it
is then no longer possible to generate solutions to the
boundary layer equations once the separation condition is
approached. Various approximation techniques (Ref. 32, for
example) have enabled a continuation of the computation
through a separation region, but such calculations can only
be regarded as being indicative of the real situatiDn.

The fundamental experimental study initiated herein
should do much to aid the understanding of a transonic
separated flow and in the development of theoretical studies.

5.2 DETAILS OF THE POTENTIAL FLOW CALCULATIONS

As described above, the application of singular per
turbation theory yields as the first order solution the
classical Euler equations for an inviscid fluid. These
equations are non-linear and are usually (except in some
numerical studies) linearized in terms of a suitable para
meter. The remarks of this section are restricted to
studies of such simplified equations.

In order to facilitate the analysis of experimental
results, numerical computations'have been performed for
studying different aspects of cavity-like flows and air
foil flows. For flows at Mach number of order 0.6, sub
sonic small disturbance theory has been used and for flows
at Mach numbers closer to 1, transonic small disturbance
theory has been used.

5.2.1 Subsonic Small Disturbance Equations:

For subsonic flow past a cavity in an infinite flat
wall, the small disturbance equations can be written as

K~ +cp-=Oxx yy
.!.

Y = 5.3 Y
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... M
00

where ~ is a stretched disturbance velocity potential de
fined by the following equations*

~

U = U (1 + 53 u + ..... 0.)
00

u = 2.92.
ox

(502)

where U is the velocity in x-direction and x and yare co
ordinates non-dimensionalised with respect to half cavity
length.

The boundary conditions are:

At y ... 0,

df
~_(x, 0) = ax (x),

y

= 0

Ixl < 1

Ixl > 1

(5.3)

*These equations are written in terms of the variables used
in transonic small disturbance theory.
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2 -2As X + Y ~ 00, ~ ~ O.

By the use of Green's function technique we can obtain the
solution of these equations as

~ (x, y) = ---:l=--_
2'IT VK

1
J f' (~) .e,n [ (x - ~ )2+ K y2 ] d ~

-1
(5.4)

The pressure coefficient Cp(x) can be written as

~

C (x) = -2 5~ dq1/0X (x, 0)
p (5.5)

Thus equation (5.5) gives the pressure coefficient along the
cavity wall, in terms of the shape of the stream line sepa
rating the outer inviscid flow and the viscous flow closer
to the wall, assuming that the pressure does not vary much
in the y-direction through the viscous flow. Calculations
have been performed for C (x) with different assumptions for
the separation streamline~

5.2.2 Inverse Computations

Assuming that C (x) is known along the cavity wall, say,
by experimental measRrements, equation (5.5) can be solved
as an integral equation and thus obtain f(x), or, the shape
of the invsicid streamline which can produce the given Cpo
Equation (5.5) is rewritten as

1
'IT

1
.fj
-1

f' (~)

.~ - x d~ = g(x) = (5.6)

The left hand side term is a singular operator of f' (~)

known as Finite Hilbert operator which has a non-unique
inverse operator. We can write the inverse solution as
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f' (x)
1
7T

g(y) dy + t==A==~
y ... x VI - x2

(5.7)

where A is an arbitrary constant. The right hand side of
equation (5.7) has integrable singularities at both x = -1
and x = 1. We can integrate equation (4.7) and determine
the integration constant and the arbitrary constant A by
the condition that

f(x) = 0, at x = ± 1.

x
f(x) = J ft (t) dt

-1

(5.8)

(5.9)

1
x

llj~
_ y2 X

= - - J g (y) dy dt + A J dt
7T -1 - t 2 Y - t -1 VI - tIE'

Th~ first integral in the above equation is zero at x = l.
Thus we obtain A = 0 and

f (x) .! t llj 1 - y2
7T -1 -1 1 - t 2

g (y) dy dt
y - t

(5.10)

This expression can be further simplified. After a lengthy
manipulation of the integrals involved'we can obtain

VI - r 1 Ir (Y) + r (x) I C (y) dyy (x) = 5 f (x) 00

~ tn (5.11)= -
27T -1 r (y) - r (x) p

1

where rex) ={ (1 - x)/ (1 + x)}2'

Thus, the inviscid stream line which produces a specific Cp
distribution can be computed by the equation (5.11). For a
specific case of experimental data for the pressure coefficient
C (x) along the cavity wall, the inviscid stream line shapep
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along the cavity wall which corresponds to the measured
C (x) has been computed. Figure 32 gives these results.
The downward turn of the inviscid streamline near the rear
ward facing step indicates the significant thinning of the
viscous flow just'befQrethe corner. Thesecalculations
give a reasonably good approximation for the 'outer inviscid
flow stream line under the assumption of dp/dy • 0 in the
viscous layer. These computations can be extended for
obtaining the entire inviscid flow field.

5.2.3 Transonic Small Disturbance Equations

The transonic small disturbance theory equations for
flow past an infinite flat wall with a cavity can be written
as

(K - ~x) ~xx + ~yy = 0 , (5. 12)

where ~ and x and yare defined as before in Eq. (5.2)

--........~M<l
00

M < 1

/
f) f (x)

The boundary conditions are

At y = 0,

5-----i-

= f t (x) ,CPy (x, 0)

= 0 ,
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Murman and Cole (Ref. 33) have solved transonic small dis
turbance equations for flows past a symmetric airfoil without
lift by a difference method. They used a mixed finite
difference scheme which used for x-derivatives elliptic
difference operators in regions where the flow is subsonic
and hyperbolic difference operators where the flow is super
sonic and for y-derivatives elliptic difference operators
everywhere. The non-linear difference equations are solved
by a line relaxation technique. Krupp has generalized this
method to include airfoil flows with lift. We have secured
a modified version of the computer program of Krupp from
NASA Ames and adapted it to our problem. The adaptation
mainly involves the treatment of boundary conditions and
corresponding changes in the way the iterative equations
are solved.

The computational results for certain cavity shapes are
shown in Figs. 33 to 35. These cavity configurations are
hypothetical, but they do indicate the trend of inviscid
transonic flow past a cavity. In the next phase of study,
there will be experimental measurements for different types
of cavities and it will be attempted to match the computations
with measured data.

5. S BOUNDARY LAYER CALCULATIONS

Despite their limitation to flows without separation,
the boundary layer equations can be usefully employed in a
number of calculations. In this section some results of such
studies and also directions in which future work should pro
ceed will be indicated.

For the turbulent flow, all boundary lay~calculations

to date have been undertaken with the aid of the integral
method of Nash (Ref. 34). One point of a general nature
should be made here concerning the comparison between theo
retical and experimental results. The measured velocity pro
files (see section 4) are not too well defined very close
to the wall. This can lead to errors in the values for such
integral quantities as momentum thickness. Any comparisons
between theory and experiment must be made along with con
templation of this observation. The theory, of course, has
other deficiencies.
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5.3.1 Flow on the Floor of a Cavity

The flow on the floor of a cavity is sketched below.

/

One central feature of a separated flow relates to the
reattachment of a shear layer and its sUbsequent development
as a boundary layer. From a theoretical point of v~ew, the
problem cannot be treated in the context of boundary layer
theory since the flow is not characterized by a small length
scale normal to the flow direction.

Two objectives can be delineated. First, the applica
bility of boundary layer theory to the flow immediately
downstream of the reattachment point, Xr, can be discussed
by performing calculations for the flow on the floor of the
cavity. In such calculations, the experimentally determined
starting conditions are used and also the experimental pres
sure distribution along the cavity floor. Second, the
experimental data can be utilized to provide empirical infor
mation as an aid to theoretical developments.

At a free-stream Mach number of 0.56 and Reynolds number
of 0.4 x lOB per inch, measured initial conditions just down
stream of the experimentally determined reattachment point
showed that e = 0.193 inches and the form factor H = 2.82.
In the computer program, these were not acceptable initial
conditions since when introduced into the empirical relation
for the skin friction, they indicated a negative value for
this quantity. It was found that if the initial values
e = 0.21 inches, H = 2.68 were taken, then no such difficul
ties existed, the indicated skin friction then being just
positive. However, the numerical technique in the computer
program at hand was divergent for any chosen x-step away
from the initial condition. That is, it was found impossible
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to integrate the boundary layer equations away from the
reattachment point with the current empirical relations
for the associated turbulent flow quantities.

Some comments can be made concerni~g the reason for
the experimental initial values being unacceptable in the
theoretical work. The empirical information contained in
the theory of Ref. 34 was all derived from boundary layer
type flows. Here just at the stagnation condition, the
flow is not of boundary layer type, even though the skin
friction is non-negative. The reason lies more in the fact
that in the outer flow, the ~ormal component1of velocity
is still very large, greater than the 0 (Re-2) demanded by
the theory*. At the same time, there is, as mentioned above,
uncertainty in the measured values of the integral proper
ties.

It is unlikely that anything other than a solution for
the full Navier-Stokes equations will be satisfactory in
providing adequate solutions for flows of this type.

5.3.2 Development of the Boundary Layer Over the Flat Plate
Ahead of the Cavity

The situation is as indicated diagramatically below.

The same boundary layer theory as discussed above (Ref. 34)
was used to check the measured boundary layer velocity pro
files on the flat plate part of the model ahead of the step
or cavity location. The comparison is shwon in Fig. 36.

*This is for laminar flow--the turbulent flow counterpart
will be somewhat modified.
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It is seen from this result that the measured boundary
layer is somewhat thinner than that predicted by the theory.
Several comments are in order concerning this finding. The
calculation reported was based on flow starting at the
leading edge of the plate and proceeding under a constant
pressure. The real flow, on the other hand, will contain a
slight pressure variation near the rounded leading edge.
The two flows are not, therefore, strictly comparable.

5.3.3 Comments on Separation

It was remarked earlier that the boundary layer equa
tions cease to be valid when the boundary layer is in a
situation where the skin friction is almost zero. The
equations lose their validity because rue boundary layer
region is no longer of thickness 0 (Re In). On its own,
this loss of validity would not cause the boundary layer
equations to breakdown completely at separation. There is
an additional reason for this.

Consider as an example, the boundary layer momentum
equation for a steady incompressible fluid:

u ~ + v ou + ! ~
ox oy p ox

(5.14)

where ~ is a suitable representation for the contribution
from the turbulent fluctuations. Now, as a consequence of
the asymptotic matching, the pressure gradient is a pre
scribed function of x obtained from the outer solution. On
rewriting the momentum equation as an equation for the x
wise derivative of velocity:

(5. 15)

it is seen that this derivative becomes undevined when u
vanishes--as it will on some line in a separation region.
In the full Navier Stokes equations however, (see Ref. 35)
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the pressure field is determined as part of the solution
and the above contingency does not arise.

It is often reported that the parabolic nature of the
boundary layer equations, implying as it does that the
solution at any given station is dependent only on condi
tions upstream, will preclude the possibility of profiles
with negative velocities. That this is not so may be shown
by consideration of the linearized parabolic equation:

"::I.U "::I. 2 U
.£... + F(x) = A 0

dX dy2
(5.16)

Then, if A(y) is the initial profile at x = 0, it is readily
found that the function U(x, y) is given as:

x
U(x, y) = r (y) - f F(~)erf { y } d~ (5.17)

0 ,-)' :' (x - ~)~ J.

Some algebra then shows that

dU
x

dr f F(e,)
d~ (5.18)=

dY dy y=O 0 V1TA (x - ~)y=O

and dU/OY)y=O can take either sign depending upon the nature
of F(x). Typical streamlines determined from this solution
are presented in Fig. 37.

All this exercise does is to indicate that a parabolic
type equation is capable of producing a solution space some
what reminiscent of flow separation. It is not to be con
strued as a suggested technique for solving separation problems.
As has been stated above, only the Navier-Stokes equations are
acceptable for this.
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6.0 CONCLUSIONS

The first phase of an experimental and theoretical
program to study the upstream influence on the subsequent
separation of a turbulent boundary layer has been conducted
by employing long and shallow cavity models in subsonic and
transonic.flows. The experiments have been carried out
with a natural turbulent boundary layer developing from the
model leading edge. The extraordinarily long model results
in a Reynolds number variation which covers the range from
wind tunnel model scale to actual flight conditions. There
fore, this is the first step toward an understanding of the
scaling effect as well as the phenomenon of flow separation,
rehabilitation and its ability in negotiating an adverse
pressure gradient.

The flow fields have been measured by densely placed
wall static pressure taps and a traversing pitot probe. Th~

static pressure variation in subsonic flow due to a forward
facing step as well as due to the upstream disturbances pro
duced by a rearward facing step have been studied carefully.
It is shown that increasing the Mach number or Reynolds
number will cause an increase of the separation and the peak
pressures ahead of the forward facing step. However, the
effect of Mach number and Reynolds number upon the separation
distance ahead of a forward facing step is rather weak. The
upstream influence of pressure rise can be very significant
and extend twenty to thirty step heights ahead of the step.
The normalized separation pressure variation with the norma
lized cavity length shows that a shorter cavity can generate
a higher separation pressure. However, the influence of
cavity length on the separation needs to be further studied.

Detailed velocity profiles are obtained by the pitot
pressure measurements. These profiles indicate that the up
stream disturbance extends very far downstream. They also
indicate that the static pressure recovers faster than the
velocity profiles. This implies that the relaxation dis
tances for the pressure and the shear velocity profile are
different. The velocity profiles have been analyzed by the
wall and wake law and the departure from the wall compo~t

studied. The results indicate that the higher Mach number

43



AEDC-TR-75-95

or Reynolds number delays this departure. They show that
the law of wall and wake can be employed for such an analysis.

A theoretical study employing a small disturbance tran
sonic flow technique has been conducted. Also, an inverse
method based on subsonic small disturbance theory has been
developed to compute the inviscid flow stream lines for flow
past shallow cavities corresponding to the experimentally
measured surface pressure distributions. This, together with
the transonic flow computer program adapted to inviscid flows
past shallow cavities, provides a tool for correlating exper
imental pressure data at different Mach numbers. At tran
sonic speeds, two supersonic pockets near the rearward and
the forward facing steps have been identified. This needs
to be extended to cover the flow over an airfoil with a
separation and a wake. Through such a study, it is hoped
that a better understanding of the transonic flow scaling
problem can be obtained.
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Figure 16. Velocity. profiles on 27.5 inch long cavity
like model
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Figure 21b. Static pressure distribution on the side wall
near the rearward facing step region.
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APPENDIX A
WIND TUNNEL FLOW QUALITY

The mass flow rate in the wind tunnel is a function of
the Mach number, the maximum value being about 190 lb/sec.
The operational envelope of the tunnel is given in Fig. A-I.
The control pressure is a function of the mass flow rate,
and the relation between these two variables is shown in
Fig. A-2. The nominal running time of the tunnel is in the
range of 10 to 60 seconds (see Fig. A-3).

After design and fabrication, the wind tunnel calibra
tion was carried out. The main nozzle design was found to
be very satisfactory. The Mach number distribution in the
vertical direction (i.e., perpendicular to the flow) just
downstream of the nozzle exit plane is very uniform. How
ever , initially the flow downstrean of the model :Ie ading
edge was distorted by about ±8% (Fig.A-4). The reason for
this distortion is the difficulty in properly shaping the
leading edge for a subsonic flow. Considerable time was
spent in fixing this leading edge problem. After proper
adjustments of the leading edge and the boundary layer suc
tion device, a considerable improvement was achieved. The
improved vertical Mach number distributions downstream of
the leading edge at two locations are shown in Fig. A-5.
The distortion is about ±O.l% close to the leading edge
location and ±0.2% at a far downstream location, for this
particular run.

The Mach number distribution along the flow direction
for typical subsonic and supersonic flows are shown in Figs.
A-6 and A-7. For the subsonic flow case, the flowuniformi ty
is quite good when considered over a distance of 75 inches.
For the supersonic flow, a further improvement is needed.
In this phase of the study, emphasis has been placed upon
the subsonic flow, and the improvement to the supersonic
flow quality will be carried out in the future.

The flow is very uniform when the model configuration
was adjusted to have a forty inch long cavity~ The total
pressure distribution corres.ponding to the free stream region
has practically no distortion at all (see Fig. A-~1 The
oil flow traces confirmed that the flow is very much two
dimensional on the flat plate portion downstream of the leading
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edge. The side wall induced three-dimensional effect ap
peared to be very minute for the rearward facing step
configuration and was confined to within a 10~20% wide region
at the side for the forward facing step configuration.
Therefore, along the central 60~80% of the tunnel floor, the
flow two-dimensionality is very satisfactory. Some typical
oil flow traces will be shown in section 3.

For the present experiments, it is desirable to have
adiabatic wall conditions during the testing period. For
this purpose, some surface temperature variations were re
corded during the run. A typical result is shown in Fig.
A-9. The wall temperature decrement during the testing
period is 3.2~C and 1.0~C respectively for two different
locations on the model. The ratio of Tw/TO can be compared
with the theoretical estimate based upon a recovery factor
of 0.91 (chosen somewhat arbitrarily). The Mach number at
the start of the test period shown on Fig. A-9 is approximately
0.5. Under these conditions the adiabatic wall temperature
ratio Twa/TO = 0.996 which compares with a measured wall
temperature ratio of 1.04 at the start of the test period
and 1.06 at the end. These data indicate that the tunnel
wall is somewhat hotter than the adiabatic wall temperature
and that there is heat transfer into the test gas. The
significance of these heat transfer rates will be the sub-
ject of a separate study.

A.I WIND TUNNEL TESTING CONDITIONS

In order to understand the flow variation along the
model, the surface pressure distribution (P) along the model
surface and the total pressure (Pt) profiles across the
boundary layer are measured. The detailed information for
these measurements are listed in Table A-I.

By adjusting the total pressure from 17 to 50 psia, the
Reynolds number based on the model length was varied from
30 x 10 6 to 130 x 10e. The undisturbed boundary layer thick
ness was then about one inch in the vicinity of 70 inches
downstream of the leading edge. This unusually thick boundary
layer along the model surface offers an excellent opportunity
for accurate measurements in the viscous layer. The present
study includes Mach numbers of 0.6, 0.8 and 0.9 based on
manometer data.
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The additional test parameters include (1) the reference
external flow 1ach number (Mi)' measured at the station
where the static pressure begins to rise ahead of the forward
facing step, (2) the reference Reynolds number (ReL = LV/u) ,
where L equals 70 inches and V is the external flow velocity
at the 70 inch station, (3) the reference boundary layer
thickness (OL)' measured on the flat plate at the 70 inch
station, (4) the blockage ratio (h/H), where h is the step
height and H is the height of the test section and (5) the
ratio of the step height to the reference boundary layer
thickness (h/~L)' These are summarized in the accompanying
table (Table A-I).

For the tests at a Mach number of 0.91, a 1/4" thick
plate with perpendicular holes giving a porosity of 23%
is used as the ceiling of the test section. This ceiling
plate separated the plenum chamber and the test section,
as discussed in section 3.1.

According to the calibration result, the lag time for
the 0.011 "ihch pitot tip i$ 0.32 sec. for 6p = 5 psig and
the vertical traversing speed of the pitot probe is 0.35
in./sec. which is approximately 1/110,000 of the flow speed
at a location of 0.05 inch above the model surface. There
fore, the traversing effect of the pitot probe on the total
pressure measurement is negligible. Since the pitot probe
tip opening is circular and its diameter is much less than
4% of the boundary layer thickness, the data acquired is
fairly reliable at least in the buffer and the turbulent
zones and the displacement effect is also negligible (Refs.
20 and 21).

Surface oil flow visualization techniques have been used
to extract details of the separation and the reattaching
regions. It has also been applied to the side walls in order
to obtain a qualitative idea of the three-dimensional struc
ture of the flow. A mixture of titanium dioxide and kerosene
oil is used for this purpose.

In order to avoid an excessive oil accumulation near
the separation line and to keep the oil Irom forming U-shaped
waves, some different proportions of titanium dioxide to
kerosene oil are tested and used for the different skin
friction regions (Ref. 22). On the side wall, the viscosity

109



AEDC-TR-75-95

of the applied mixture is high enough so that the patterns
are not believed to be affected by the gravitational force.
Several selective runs are made at Mach numbers of 0.6 to
0.9 and Reynolds numbers of 32.5 x 106 to 72.5 X 106 over
various model configurations (Table A-I).

A.2 THE UTSI AIR SUPPLY SYSTEM

The UTSI Air Supply System can be described as three
basic components, the compressor and dryer section, the air
storage bottles and the flow control section.

The compressor and dryer section utilizes a two stage
tandem, double acting electrically driven water cooled
reciprocating compressor (Fig. A-lOA) to compress 90
standard cubic feet per minute (SCFM) of atmospheric air.
An automatic unloading system maintains the outlet pressure
between 250 and 275 psig. The outlet air passes through an
after cooler (Fig. A-lOB) (counter-flow water heat exchanger)
which cools the air to approximately ambient temperature
(maximum 90 6 F in summer, ~inimum 40 0 F in winter), and a
centrifugal separator (Fig. A-ICC) to the two receivers
(Fig. A-IOE) (total volume approximately 33 cu. ft.).

Air from the receivers passes through a two stage regen
erative type dryer (Fig. A-IOF) where moisture is removed
resulting in a dewpoint of -90°F at standard conditions. At
this point a small quantity is tapped off and reduced to 100
psig for the operating and control purposes. The dry air
is piped to the high pressure compressor (Fig. A-IOH).

The basic high pressure compressor is a ~hree stage,
diesel powered, hydraulically driven, double piston and dry
piston compressor. Maximum output pressure is 6000 psig and
minimum inlet pressure is 100 psig. At 250 psig inlet pressure,
its capacity is about 45 SCFM. Maximum operating pressure
is limited to 325 psig by the storage bottles.

Five additional compressors capable of pumping 15 SCFM
each from ambient to 3500 psig have been installed. These
are four stage combination rotary reciprocating compressors
with built-in drying systems. However, they have been notor
iously undependable.
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The air storage system consists of three bottles of 250
cu. ft. capacity each with associated valves and piping. The
bottles are pumped to a maximum 3250 psig. Total air stored
is approximately 166,000 SCF (12,400 Ibm). However, for
larger flow rate runs (greater than 100 Ibm/sec) only about
one half of this is available as the sudden colling caused
by quickly emptying the bottles would result in a temperature
which would endanger their structural integrity.

When preparations for a tunnel run are completed, air
from any or all of the three storage bottles is opened to
the control system. Valving is set to supply operating air
eit~er to the combustion tunnel or the transonic tunnel.

A four inch pneumatically operated control valve is used
to regulate air flow to the tunnel. A pressure signal at the.
valve outlet is used by a pneumatic computer to position the
control valve. Using this system stable air flows of approxi
mately 10 to 200 Ibm/sec can be obtained. For lower flows,
a one inch regulator system is available.
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TABLE A-I TESf CONDITIONS
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c:n
to
c:n

I-'
I-'
N

Kodel
Configuration

Flat Plate

Forward-Facing
Step .
(1 in. high)

Long ca·.. ity
(1 in. high
40 in. long)

Short Cavity
(l in. high,
27.5 in. long)

Equivalent External
Flow Mach No••

(lie)

0.6

0.6

0.8

0.9

0.6

0.6

Reynolds No.
(1Y )

v

32.5 ]I: 106

32.5 x 106

63 ]I: 106

72.5 x 106

32.5 x 106

32.5 x 106

Boundary lAyer
Thickness

('iL)

1.5

1.5

1.3

0.87

1.5

1.5

l!..
'>L

0.67

0.67

0.77

1.15

0.67

0.67

h
ii

0.08

0.08

0.08

0.08

0.08

0.08

Stations•• of
Pt Measurement

34, 51, 61, 69

61, 66, 69

69

61, 66, 69

41, 43, 46, 51
61, 66, 69

53, 61, 66, 69

Regions.. of
P Measure-

0.4 ... 73.75

48 '" 73.75

48 ... 73.75

48 ... 73.75

34 ... 73.75

48 ... 73.75

011
Flow

x

x

x

x

x

• Equivalent external flow Mach number Me is the Mach number corresponding to the station e as indicated. For a cavity
like flow case, it is slightly different from ~.

•• All distances in inches measured from the leading edge of the flat~plate configuration.
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NOMENCLATURE

A

A

B

C

c

Cf
Cp
d

did;
.}i'(x)

f(x)

g (x)

H

h

K

K

t
tn

M

P

rex)
T

t

U

Cross sectional area

Constant (Section 5 - see equation 5.9)

Constant in law of wake for turbulent boundary
layers--equation 4.1

Constant defined on page 14

Constant-equation 4.4"

Skin friction coefficient

Pressure coefficient

Tube inside diameter

Derivative with respect to independent variable ; .

Arbitrary function in equation 5.16

Cavity profile function

Function defined by equation 5.6

Height of test section

Model step height

Transonic flow similarity parameter--equation 5.1

Constant in the law of the wall for turbulent
boundary layers

Function defined by equation 3.2

Distance from the model leading edge to the root
of the forward facing step

Length

Natural logarithm

Mach number

Pressure

Function defined by Equation 5.11

Temperature

Dummy variable in integration

Velocity
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u, v

U
"t'

V

V

Re

X

x, y

y
y

r
5

5

e

'"v
~
-7T

P
"t'

't'

'1'
(I)
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Velocity components along coordinate directions
x, y

Friction velocity in turbulent boundary layer

External flow velocity
Tube volume on page 14

Reynolds number

Distance from model leading edge

Rectangular coordinates

Stretched variable defined in equation 5.1
Dummy variable in integration

Velocity profile defined in equation 5.17

Boundary layer thickness

Depth of cavity in Section 5

Boundary layer momentum thickness

Inverse Reynolds number
Fluid kinematic viscosity
Dummy variable in integration

Constant in equation 4.1

Fluid density

Tube lag time

Boundary layer turbulence term in equation 5.15

Velocity profile

Turbulent boundary layer wake function

SUBSCRIPrS~

o
1, 2

00

e

At entrance

First and second tube respectively

Free stream condition

Local external flow condition
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"
i

L

m

r

t

w

Initial condition or condition at the location
where the pressure begins to rise ahead of the
forward facing step

Condition at forward facing step

In measuring device

Distance from the root of the rearward facing step

True or total
Condition on wall
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